Supersonic isothermal turbulence establishes a network of transient dense shocks that sweep up material and have a density profile described by balance between ram pressure of the background fluid versus the magnetic and gas pressure gradient behind the shock. These rare, densest regions of a turbulent environment can become Jeans unstable and collapse to form pre-stellar cores. Using numerical simulations of magnetogravo-turbulence, we describe the structural properties of dense shocks, which are the seeds of gravitational collapse, as a function of magnetic field strength. In the regime of a weak magnetic field, the collapse is isotropic. Strong magnetic field strengths lead to significant anisotropy in the shocked distribution and collapse occurs preferentially parallel to the field lines. Our work provides insight into analyzing the magnetic field topology and density structures of young protostellar collapse, which the theory presented here predicts are associated with large-scale strong shocks that persist for at least a free-fall time.
INTRODUCTION
Filament formation in molecular clouds appears to be fundamentally linked to star formation as filaments are the sites of pre-stellar cores (André et al. 2010; Arzoumanian et al. 2011; Hacar & Tafalla 2011; Hennebelle 2013; Gómez & Vázquez-Semadeni 2014; Schleicher & Stutz 2018; Chira et al. 2018; Veena et al. 2018) . Ultimately, the density structure in star forming regions is set by the properties of gas, which, to first order is a supersonic isothermal medium, threaded by magnetic fields. The understanding of star formation, under such conditions, is also key to the understanding of galaxy evolution (Elmegreen & Scalo 2004; McKee & Ostriker 2007a; Krumholz 2014) .
Indeed, it has long been known, since Larson's relations (Larson 1981; Solomon et al. 1987; Heyer & Brunt 2004; Ballesteros-Paredes et al. 2011a) , that cloud velocity dispersions measured from linewidths indicate supersonic bulk motions that show a general hierarchy as a function of length scale characteristic of a cascade of motions in turbulence Burkhart et al. 2013; Kritsuk, Lee & Norman 2013) . Furthermore, polarization and Zeeman observations indicate the presence of magnetic fields E-mail: pmocz@astro.princeton.edu (PM) † Einstein Fellow that thread the ISM on diffuse and dense scales (Goodman et al. 1995; Crutcher et al. 2010; Crutcher 2012; Planck Collaboration et al. 2016) . The large-scale diffuse ISM shows density-independent magnetic field strengths, which may suggest these diffuse clouds are assembled by flow along the magnetic field lines and/or the presence of turbulence (Troland & Crutcher 2008; Crutcher, Hakobian & Troland 2009; Lazarian, Esquivel & Crutcher 2012) . In denser regions, the magnetic field (as measured by Zeeman splitting) is observed to increase with density, growing due to the fluxfrozen condition of the field lines (Crutcher 2012) . The relative orientation between density gradients and magnetic fields also changes behavior as a function of density (Planck Collaboration et al. 2016; Soler & Hennebelle 2017) . At low column densities, as observed by polarization measurements from the Planck satellite, the magnetic field orientations are either parallel or unoriented with respect to density gradients, but at high column densities they change to perpendicular alignment. This transition may be an indication of turbulence that is (sub-)Alfvénic, meaning that the magnetic field influences gas dynamics. Observations of velocity gradients, which correspond to the magnetic field direction, also confirm the influence of magnetic fields in shaping the density of both diffuse and molecular clouds (Lazarian & Yuen 2018a ). Finally, observations of molecular gas shows the environment out of which stars form is nearly isothermal on scales above 0.01 pc, due to a combination of collisional heating and radiative cooling processes (Alves, Lada & Lada 2001) .
Thus, to first order, stars form out of a supersonic magnetized isothermal environment, in which turbulence acts to stir density perturbations. Turbulence and magnetic fields both create support against collapse from selfgravity, making star formation inefficient (Mac Low & Klessen 2004; Krumholz & McKee 2005; McKee & Ostriker 2007a; Padoan & Nordlund 2011; Hennebelle & Chabrier 2011; Federrath & Klessen 2012; Hopkins 2012; Krumholz 2014; Burkhart 2018) . The origins of stirring of gas turbulence may come from various sources, including gravitational instability from gas accretion onto galaxies, or supernova-driven turbulence, which have different impacts on the global distribution of velocity distributions in a galaxy (Goldbaum et al. 2011; Ballesteros-Paredes et al. 2011b; Forbes et al. 2014; Krumholz & Burkhart 2016; Ibáñez-Mejía et al. 2017; Krumholz et al. 2018) . Many processes beyond magnetic/turbulent support and density enhancements from supersonic motions may play important roles in star formation. These include radiative feedback and stellar outflows from young stars, as well as competitive accretion and dynamical interactions between young stars (McKee & Tan 2008; Krumholz 2015; Kuiper, Turner & Yorke 2016) . For example, simulations have shown that a massive star's radiation field and stellar winds are important mechanisms for regulating star formation (Goodman et al. 2009; Offner, Hansen & Krumholz 2009; Rosen et al. 2016) . Furthermore, on smaller scales the isothermal condition breaks down as collapsing gas becomes optically thick to its own cooling radiation. Non-isothermal effects can affect the statistics of turbulence (Federrath & Banerjee 2015) .
The focus of the present work is to understand the initial conditions and geometries out of which stars begin to form, and how large scale turbulent magnetic clouds set these properties. Thus we focus on the role of turbulence and magnetic fields, as the relative importance of their role in regulating star formation is still largely uncertain. The physical picture investigated here will also provide new ways to test the isothermal turbulent fragmentation model and place constraints on the Alfvénic Mach number from observations (Esquivel & Lazarian 2011; Burkhart et al. 2014; Lazarian & Yuen 2018b) .
Using the statistical properties of a turbulent density field, there has been theory developed to predict the initial mass function (IMF) of collapsing cores and star formation rates (Padoan & Nordlund 2002; Hopkins 2012; Padoan & Nordlund 2011; Hennebelle & Chabrier 2011; Federrath & Klessen 2012; Zamora-Avilés & Vázquez-Semadeni 2014; Burkhart 2018) . Diffuse turbulently stirred gas shows shows a log-normal probability distribution of densities (1 point statistic), whose width increases with the turbulent Mach number M (Vazquez-Semadeni 1994; Padoan, Nordlund & Jones 1997; Krumholz & McKee 2005; Hill et al. 2008; Burkhart & Lazarian 2012) . Increased sonic Mach number produced density fluctuations which also flatten the power spectrum (2 point statistic) and produce non-Gaussian signals in the 3 point correlation function (Kowal, Lazarian & Beresnyak 2007; Burkhart et al. 2009 Burkhart et al. , 2010 Burkhart, Collins & Lazarian 2015; Portillo et al. 2017 ). At high densities, the gas is dense enough to be Jean's unstable and undergo gravitational collapse. This leads to a creation of a power-law tail in the distribution of dense gas, which is a behavior that is observed at high densities (Kainulainen et al. 2009; Ballesteros-Paredes et al. 2011a; Lombardi, Alves & Lada 2010; Collins et al. 2012; Federrath & Klessen 2012; Schneider et al. 2012; Kainulainen, Federrath & Henning 2013; Girichidis et al. 2014; Myers 2015; Schneider et al. 2015; Stutz & Kainulainen 2015; Imara & Burkhart 2016; Padoan et al. 2017; Myers 2017; Bialy, Burkhart & Sternberg 2017; Chen et al. 2017; Burkhart, Stalpes & Collins 2017; Mocz et al. 2017; Burkhart 2018) .
The hypothesis that the IMF primarily originates as a consequence of supersonic turbulence (ignoring stellar feedback) does produce reasonable predictions for star formation, where the dependence of the IMF turnover on physical parameters has been tested numerically (Haugbølle, Padoan & Nordlund 2017) , and further testing of the model requires simulating and observing a large statistical sample with large dynamic range in space and time scales. The model for the pre-stellar core IMF can be thought of as akin to an excursion-set model for dark matter halos for cosmic structure formation, for which fragmentation/merger trees can be constructed (Hopkins 2012) . The understanding of the time evolution of the powerlaw part of the model, can also explain star formation that is spatially and temporally variable within a cloud, and depletion times of giant molecular clouds (GMCs) without the need to invoke feedback or extreme variations in the local star forming environments (Burkhart 2018) .
The statistical picture of star formation from turbulent clouds relies on tracking a critical density for collapse (Krumholz & McKee 2005; Padoan & Nordlund 2011; Hennebelle & Chabrier 2011) . In a similar spirit, critical density thresholds are used in cosmological simulations of galaxy formation and evolution to create star particles (Pillepich et al. 2018) . We address the critical density in a supersonic turbulent medium and its connection to star formation via the density PDF in a companion paper: Burkhart & Mocz (2018) . Here we are particularly interested to address the internal structure and time evolution of the seeds of collapsed regions. Detailed smaller scale simulations of star formation, which explore, for example, the effects of ambipolar diffusion (Machida, Higuchi & Okuzumi 2018) or radiation (Rosen et al. 2016) , assume a collapsing core imposed by hand. These initial conditions typically fall into a class of critical Bonnor-Ebert spheres, may have laminar flow with angular momentum or a weakly turbulent velocity field imposed, and be threaded by uniform magnetic fields. However, a more accurate tracking of the collapse of the densest regions from general turbulent environment is important to enable a more complete picture for how the ISM gas transforms into stars, as pointed out recently by Robertson & Goldreich (2018) . There is a missing gap of length scales in a complete theoretical understanding of the collapse process.
The work by Robertson & Goldreich (2018) considers the structure and characteristic features of the densest regions in supersonic, isothermal hydrodynamic turbulence, which they propose would be the seeds of all gravitationally collapsing regions. Robertson & Goldreich (2018) develop a simple model where the densest structures are a low volume-filling system of shocks which have a characteristic exponential profile in the post-shock region where the Burkhart, Stalpes & Collins 2017) . These regions would be the seeds for star formation. Often, as in cosmology, structure formation is described and predicted by looking at the Fourier power spectra of matter (Spergel et al. 2003) . But in the case of supersonic turbulence, where the medium is riddled with strong shocks, these discontinuities add equal power on all scales (Burkhart, Collins & Lazarian 2015) , and thus understanding structure formation is not completely amenable to analysis by spectral methods. Understanding the time evolution and statistics of these discontinuous shocks in physical space appears to be key in bridging the gap of collapse from turbulent clouds to pre-stellar cores.
Here we explore the the results discussed in (Robertson & Goldreich 2018) with self-gravitating turbulent simulations. Furthermore, we explore how a magnetic field (selfconsistently generated by turbulence) augments this picture. A strong magnetic field would be expected to lead to anisotropic structures, as flow along field-lines is easier than perpendicular to it. Furthermore, the if the field is strong enough, the flux-frozen condition of ideal magnetohydrodynamics (MHD) could prevent the collapse of a core completely along a certain direction. The work adds new insight into the structural evolution of dense collapsing regions, and how shocks remain associated with collapsing prestellar cores, which may be an important ingredient in understanding their further small-scale evolution.
The paper is organized as follows. In Section 2 we describe the details of the suite of numerical simulations of supersonic, isothermal MHD turbulence with self-gravity. Some 1D MHD simulations of shock formation are provided in Section 3, useful for the interpretation of results. Section 4 shows the analysis of our 3D simulations, including the identification and tracking of the properties of sites of pre-stellar core collapse. A discussion of the results is offered in Section 5, and we present our conclusions in Section 6. 
TURBULENCE SIMULATIONS
In this work we analyze a suite of supersonic, isothermal MHD turbulence simulations, with and without self-gravity, presented in Mocz et al. (2017) . The simulations were performed with the moving mesh Arepo code (Springel 2010) which has a module for solving the MHD equations with constrained transport (Mocz et al. 2016 ) in order to maintain the divergence-free condition of the magnetic field. The quasi-Lagrangian code has the advantage of resolving collapse and high density contrasts with high accuracy and minimal advection errors. Additionally, fluid parcels may be traced in a Lagrangian way in the simulation to learn about the origins of collapsed structure (Genel et al. 2013) . Table 1 lists the simulation parameters studied. Projected densities and magnetic field vectors of the boxes are shown in Fig. 1 .
The turbulent simulations without self-gravity is char- [red] ) for the case of no magnetic field and a significant perpendicular magnetic field, in an idealized 1D simulation. In the hydrodynamic case, the shock quickly forms an exponential profile, where the pressure gradient behind the shock balances the ram pressure of the swept up material. In the case of the parallel magnetized shock, the shock propagates at much faster speed, owing to the fast magnetosonic mode, and has a smaller density contrast but sweeps up more mass. The initial shock profile is puffed up and not exponential due to the additional magnetic pressure support, but the solution evolves into an exponential atmosphere solution as peak density drops since the magnetic pressure drops with density.
acterized by just 2 parameters: the sonic Mach number M of turbulence, and the strength of the mean magnetic field (an invariant) characterized by the plasma beta β mean−field = Pgas/P B,mean−field . The simulations start out with uniform (dimensionless) density ρ = 1 in a box-size of L = 1 and after a few eddy turnover times the system saturates to a quasi-steady state. The systems were driven solenoidally in velocity space on the largest spatial scales of the box with an Ornstein-Uhlenbeck process (Federrath et al. 2010; Bauer & Springel 2012; Federrath 2015) , which is a Gaussian and Markovian stochastic process. The simulations include four isothermal turbulence simulations, representing part of a giant molecular cloud, run with different initial mean-field strengths, B0. The sonic Mach number is set to M = vrms/cs = 10, where vrms is the root-mean-square velocity in the box and cs is the sound speed, which may be typical of such star forming environments. The initial mean-field strengths have β mean−field = 25, 0.25, 0.028, 0.0025, ranging from weak to strong magnetic fields.
The simulation suite also includes four simulations in which self-gravity was switched on in a turbulent medium, . The effect of the perpendicular magnetic field on a supersonic, isothermal shock. Being shown is the evolution of the mass per unit area of the shock, the peak density, the sonic Mach number, and the scale height evaluated as h = Σ/ρ 0 .
after a quasi-steady turbulent state was reached. Gas was allowed to collapse for a time on order of the free-fall time.
The strength of gravity (G) in these dimensionless simulations sets a third scale to the problem, the Virial parameter of the cloud: αvir = 5v 2 rms (L/2)/(3GM ), where M is the total mass in the box. These simulations have αvir = 1/2, representing a scale where self-gravity starts becoming important. In dimensionless units, the strength of gravity is G = 5M 2 /(6α). In this paper, we present results in terms of dimensionless quantities: e.g. overdensities ρ/ρ, Mach numbers M, fraction of box-size x/L. The simulations were performed with units of ρ = 1, cs = 1. We note though that the physical parameters of the simulations (assuming a mass per hydrogen of 1.4 amu) can be scaled as:
We scale the simulations to physical units using sound speed cs = 0.2 km s −1 and hydrogen density nH = 1000 cm −3 . The choice of physical scaling also makes the cloud fall on the observed line width-size scaling relation for molecular clouds in our Galaxy: σnt = σpcR Dense shocked regions in MHD turbulence 5
The eddy turnover time (also the Mach crossing time, and the timescale over which the gravitational potential changes):
The free-fall time:
The simulations with self-gravity were run for a fraction of a free-fall time to follow the evolution of the structure of the first cores that form, covering a density contrast of 10 orders of magnitude, and following the entire stage of the isothermal collapse process. Beyond these scales, the opacity increases to the point it would trap heat and hence the collapse would continue adiabatically, and the scalable nature of the process is broken. Importantly, we have simulated the system with a resolution such that the Truelove criterion for resolving fragmentation due to the Jeans instability is met Truelove et al. (1997) at all times, without need for refinement beyond the Lagrangian spatial adaptability provided by the code down to the target density achieved. This means we capture all Lagrangian velocity perturbations in the collapse, which are, to zeroth order, frozen in to the fluid in a free-fall process. As we find in Mocz et al. (2017) , the cores have significant turbulent kinetic energy as they collapse (e.g. see Figure 5 of that work).
1D ISOTHERMAL MHD SHOCKS
We describe and review some properties of simple 1D isothermal MHD shocks, which provides some basic intuition and proves useful later in our explanations of the structure of the densest regions of supersonic isothermal turbulence. These 1D structures are also found to approximately describe the starting conditions out of which pre-stellar cores begin to collapse due to self-gravity.
We consider a simple 1D setup where a uniform fluid of density ρ = 1 is given an initial supersonic kick in its velocity structure according to a Gaussian pulse with peak velocity v peak /cs = 10:
This simple setup approximates focusing on the consequence of a single mode of large-scale stirring in 3D supersonic driven turbulence. The supersonic motion of the gas parcels will lead to fluid characteristics to cross and the formation of a discontinuity -a shock -in the the fluid variables. The "pre-shock" region refers to unperturbed area ahead of the shock and the "post-shock" region refers to the processed fluid behind the shock. In our setup, the "post-shock" is indexed by the subscript 0 and the "pre-shock" is indexed by the subscript 1, following the convention used in Robertson & Goldreich (2018) . We consider parallel and perpendicular shocks, for simplicity. That is, the setup supposed here is a 1D shock tube initially threaded by a uniform magnetic field either parallel or perpendicular to the direction of motion of the shock. For a discussion on intermediate oblique shocks, see Chen & Ostriker (2014) . The magnetic field strength is characterized by the plasma-beta parameter β = Pgas/PB (ratio of gas to magnetic pressure) which has initial value
where the subscript ⊥ or indicates whether the magnetic field is in the perpendicular or parallel direction to the shock velocity. We consider pure hydrodynamic shocks as well as shocks with weak through strong magnetic fields: βinit = ∞, 25, 0.25, 0.028, 0.0025.
In the case of no magnetic field, sitting in the frame of the shock, a shock will develop with some Mach number M ≡ v1/cs which leads to an M 2 jump in the density contrast in the post-and pre-shock regions: ρ0/ρ1 = M 2 , where ρ0 is the post-shock density and ρ1 = ρ is the pre-shock density.
In the case where the magnetic field is parallel to the shock velocity and initially constant, the magnetic field stays constant by the flux-frozen condition and it drops out of the shock jump conditions thus the solution reduces to the case of a pure hydrodynamic shock.
In the case of the perpendicular shock, the shock that forms corresponds to the fast magnetosonic wave and has velocity that exceeds the fast magnetosonic speed v f = v 2 A,1 + c 2 s where vA,1 = B1/ √ 4π is the Alfvén wave speed in the pre-shock region. By the flux-frozen condition, the magnetic field stays perpendicular and its strength is proportional to the fluid density. Since in an isothermal fluid the gas pressure scales as ρ and the magnetic pressure scales here as B 2 ∝ ρ 2 , the relative importance of the magnetic field becomes larger at higher overdensities in the fluid. The shock jump condition is given by:
In the limit of weak field the hydrodynamical limit is recovered lim β 1 →∞ r = M 2 . In general having a stronger perpendicular magnetic reduces the density contrast. The shock jump condition may also be solved to obtain the Mach number of the shock:
The shocked region profile can be described by assuming an equilibrium between the ram pressure ρ1v 2 1 exerted by the oncoming material and the pressure gradient (magnetic and gas) in the shocked region, similar to the pure hydrodynamic analysis in Robertson & Goldreich (2018) . In the case of a parallel shock the magnetic field plays no role in the shock profile so we consider a perpendicular shock with an initial magnetic field strength given by β init,⊥ = β1 and the magnetic field remains proportional to density: B = 8πc 2 s /(β1ρ1)ρ. Define Σ = ρ dx the mass per unit area of the shocked region along the x-direction of travel. Then, equating post-shock pressure gradient with the ram pressure gives:
or, equivalently,
which has solution:
where W (z) is the Lambert-W function (inverse function of f (z) = z exp(z)). In the limit β1 → ∞, the solution reduces to an exponential atmosphere ρ(x) = ρ0 exp(−x/h) with scale height: Fig. 2 shows the analytic shock profile as a function of the initial perpendicular magnetic field strength. In the limit of strong magnetic field strength, the solution reduces to:
Note that in Equation 8 we have just considered the ram pressure in the upstream. We have neglected gas pressure, since the shock velocity is highly supersonic. We have also not included magnetic pressure in the pre-shock region, which is in equipartition with the ram pressure with a ratio Fig. 3 shows the evolution of the 1D shock problem for the case of a supersonic hydrodynamic shock and the case of a parallel magnetized shock with β init,⊥ = 0.25. When the hydrodynamic shock breaks out, it quickly achieves a self-similar exponential profile. In the case of the parallel magnetized shock, the shock propagates much faster than the hydrodynamic shock owing to the fast magnetosonic mode. It also has a smaller density contrast but sweeps up more mass. The initial shock profile is not exponential due to the additional magnetic pressure support (and resembles the analytic model plotted in Fig. 2 ), but the solution soon evolves into an exponential atmosphere solution as peak density drops since the magnetic pressure decreases with density and the scenario resembles a pure hydrodynamic case except for the fact that the shock continues to travel above the fast magnetosonic speed.
We show the evolution of the mass per unit area of the shock, the peak density, the sonic Mach number, and the scale height evaluated as h = Σ/ρ0 in Fig. 4 for 5 different shocks characterized by β init,⊥ = ∞, 25, 0.25, 0.028, 0.0025. The effect of the magnetic field for a shock traveling perpendicularly to it is to increase the mass in the shock, greatly decrease the density contrast, increase the Mach number, and increase the effective scale height.
The analysis provides the insight that in a strongly magnetized supersonic fluid, most of the high density structures will be oriented parallel to the magnetic field. This organization of structure with strong magnetic fields is seen in 3D turbulent simulations, including the simulation suite from Mocz et al. (2017) which we analyze next in Section 4 (see also the visualization of density structures and the magnetic field in (Fig. 1) ). The anisotropy has important implications for the geometry under which stars form. Stirring the gas in directions perpendicular to the field lead to shocks with greatly reduced peak densities that disperse at much faster speeds. For a dense region to collapse under gravity, the gravitational free-fall time must be shorter than the shock expansion timescale, which would mean it is more difficult for perpendicular shocks to collapse under self-gravity. We explore this further in the next section.
GRAVITATIONAL COLLAPSE IN 3D ISOTHERMAL MAGNETO-TURBULENCE
Here we consider the origins and collapse of dense structures in supersonic, isothermal turbulence under self-gravity. The details of the simulations have been described in Section 2. We track the collapse of the first overdensities from few parsec to < 100 AU scales. The simulations are meant to capture the collapse of gas in a GMC and form a pre-stellar core at the end of its isothermal collapse phase. We are primarily interested in the origins and initial geometry of the collapse here. We have explored the properties of the cores that ultimately form in Mocz et al. (2017) . Projections of pre-collapsed and collapsed gas (after ∼ 0.5τ free−fall ) are shown in Fig. 5 , to illustrate a sense of the types of structures being considered here. The figure only shows a region of boxsize L/10 centered around the densest point that undergoes collapse. The fluid elements that make up a collapsed core can be traced back to their origins prior to collapse (e.g. red points in the left panels of Fig. 5) , and are found to arise from density peaks in strong post-shock regions. The figure also shows the line-of-sight density-averaged magnetic field vectors (yellow lines), and red points that trace the origins of the collapsed gas within a radius of L/100. Note that the site of star formation does not stay fixed, we have recentered the projections on the densest originating gas cell. The location of the core can move significantly with the large-scale eddy turnover time.
The tracers indicate that in the case of a strong magnetic field (i.e. the bottom two panels of Fig. 5 ) the overdense regions that collapse into a core are elongated along the magnetic field lines, the direction which does not experience magnetic tension. Properties of such collapsing cores (energy densities, radial profiles, magnetic field morphologies) have been analyzed extensively in Mocz et al. (2017) , but their origins have not been traced.
We identify dense-regions (ρ > 100ρ) in the isothermal simulations prior to gravitational collapse and draw a path oriented with the density gradients. The resulting profile is then fit with an exponential atmosphere profile. Individual scaled profiles and their average is shown in Fig. 6 . The exponential model is a good fit to the dense post-shock regions, at least over two scale heights, even in the case of a strong magnetic field threading the domain. This result is a validation of the results of Robertson & Goldreich (2018) and an extension to the case of MHD turbulence. The exponential profile extends over a slightly larger range of scale heights as the mean-magnetic field is increased, which we attribute to the fact that the magnetic field helps orient the shocks (parallel shocks have the largest density contrast and survive the longest). The conceptual picture of Robertson & Goldreich (2018) is hence even clearer in a strongly magnetized medium due to the anisotropy and order the large scale field creates. The mixing motions of turbulence in this case are more limited to perpendicular to the magnetic field lines. Fig. 6 also shows the distribution of the characteristic sizes and densities of the shocked sheets in the inset, which are largely unaffected by the mean magnetic-field threading the box. Shocked sheets break out with large density peaks, which decrease as they grow in size. The shocks have surface densities of characteristic value Σ ≡ ρ0h ρL.
We show slices of density centered on the pre-collapsed and collapsed gas in Fig. 7 . This highlights some of the structure in the gas that can be difficult to see in a projection (e.g. shock fronts may not be apparent in projections). Additionally, the velocity and magnetic field direction of the quasi-Lagrangian (roughly equal mass) gas cells in the sim- ulation are shown. What is clear from the figure panels is that the cores form in a network of shocks, which can be seen to be sweeping up unshocked material (we can see a discontinuous velocity field ramming into each other). The morphology of the converging flow is sheetlike. Converging flows are also seen towards the gravitationally collapsed core centers (as shown with green arrows).
To further study the shocked gas, we identify and show line-of-sight cuts in a direction approximately parallel to the shock direction in Fig. 8 . Pre-collapsed (thick lines) and collapsed (thin lines) profiles are compared. The pre-collapse profiles show strong evidence of an exponential atmosphere structure, aligned with the magnetic field direction in the case that the field is strong, as predicted by the 1D models. Velocities across the shock interface are discontinuous and indicate pre-shock material is being swept up across the shock front. The pre-collapse density peaks are approximately M 2 in strength, where M is the shock Mach number which can be measured from the jump in vx. Collapsed structure becomes strongly core-like but signatures of the shock still remain after a fraction of the free-fall time on larger scales. Importantly, our simulations highlight the regions in isothermal turbulence that ultimately evolve into pre-stellar cores, and give descriptions of the properties of the initial configurations from which they grow. Star formation in the context of this model is found to be strongly associated with strong shocks. In the case of a strong large-scale magnetic field (sub-Alfvenic turbulence), these shocks are also oriented parallel to the magnetic field, with dense structures forming perpendicular to the mean field, similar to what has been observed by Planck ( Figure 9 . A schematic illustrating the process of pre-stellar core formation in a shocked region of supersonic turbulence. The postshock region, preferentially traveling parallel to a strong magnetic field, sweeps up shock material and shows an exponential density profile and may undergo Jeans instability to collapse into a core (red outline). In the case the magnetic field is strong, the collapse in the perpendicular directions may need to be mediated by a magnetic flux removal process such as fast reconnection diffusion (Lazarian, Esquivel & Crutcher 2012) . Perturbations in the overdensities are also preferentially elongated along a strong magnetic field line. Soler & Hennebelle 2017) . These shocks, the regions that do not collapse, disperse on the order of the free-fall time, so they would only be seen to be clearly spatially associated with young protostars.
DISCUSSION
A schematic illustrating the process of pre-stellar core formation from shocked regions of supersonic MHD turbulence is shown in Fig. 9 . The dense post-shock region, characterized by an exponential profile and traveling parallel to strong mean magnetic fields, may undergo gravitational collapse.
In the case that the magnetic field is not strong, these shocks are oriented randomly in the fluid. As pointed out by Robertson & Goldreich (2018) , the volume-filling fraction of these shocks are small, so interaction between two highly shocked regions is rare, and simple exponential profiles of shocks can be easily identified in a turbulent simulation. For collapse to occur, the free-fall timescale needs to be less than the expansion timescale for these dense regions. We have demonstrated that indeed these shocked sites are the origins of collapsing cores in our numerical simulations with self-gravity.
In the case of a strong magnetic field, shocks traveling perpendicularly to the magnetic field have reduced density contrast and significantly faster dispersion timescales owing to the fast magnetosonic speed (Section 3). Shocks in the parallel direction behave identically to the no magnetic field case, achieving a large density contrast of M 2 and expanding with the sound speed. Thus these parallel shocks are more likely to collapse, as we indeed see in our simulations. High density pre-collapse structures are aligned parallel with the magnetic field, owing to the perpendicular mixing motions of turbulence and shock compression (Xu & Lazarian 2018 ).
In the case that the magnetic field is very strong, the flux-frozen condition (initial mass-to-flux ratio) will prevent collapse perpendicular to a large-scale magnetic field that threads the fluid under the assumptions of ideal MHD. This would be indeed the case with our strongest magnetic field simulation (β mean−field = 0.0025 ). However, as we found in Mocz et al. (2017) , there is actually a loss of magnetic flux in the core as it collapses in the simulations, which we have attributed to fast turbulent reconnection diffusion Lazarian & Vishniac (1999) ; Vishniac, Lazarian & Cho (2003) ; Santos-Lima, de Gouveia Dal Pino & Lazarian (2012) ; Lazarian, Vishniac & Cho (2004) ; Lazarian, Esquivel & Crutcher (2012) ; Leão et al. (2013) . Such a naturally occurring process in turbulence is an effective way to lose magnetic flux through the reconnection of field lines (Kowal et al. 2017) . Importantly, the process is independent of resistivity Kowal et al. (2009) in this regime of turbulence. Despite the fact that we simulated turbulence with the ideal MHD assumption, small numerical resistivity due to truncation errors is present in our simulations, which enabled fast magnetic reconnection (and consequently collapse) to occur. We see clear evidence of reconnection morphology in the sliced image for the β mean−field = 0.0025 core (Fig. 5 , just north of the core center), despite the fact that this is not evident in the projected magnetic field, which looks much simpler: a classical pinched hourglass shape (Fig. 7) .
The physical, conceptual picture that arises in the case of a strong magnetic field from our simulations is that collapse along field lines is uninhibited and will create shocks moving in a direction aligned with the large-scale magnetic field, with density enhancements piling up perpendicular to the magnetic field (e.g. see Figure 4 ). This picture explains the observed orientation of density gradients and magnetic field and may suggest much of the diffuse ISM is sub-Alfvénic (Planck Collaboration et al. 2016; Soler & Hennebelle 2017) .
However, an additional physical process may be needed to help aid collapse in the perpendicular direction to overcome the magnetic tension. This may by fast reconnection diffusion, as in our simulations. But non-ideal MHD processes may also be invoked, such as ambipolar diffusion, which would act on a longer timescale to expel the magnetic field and contract (Chen & Ostriker 2014) . In our simulations, we do not include ambipolar diffusion effects, yet nevertheless collapse occurs in the strong field case.
In Mocz et al. (2017) we have identified two modes of pre-stellar core collapse based on the collapsed core properties (e.g. how the magnetic field grows as a function of density) in regimes where either the turbulent kinetic energy or the mean magnetic field dominates over the other. The two regimes are (1) isotropic, non-self-similar (β decreases) collapse (weak-field) and (2) anisotropic, self-similar (β ∼ 1) collapse (strong-field). This picture is further supported by the dichotomy seen in the originating shocks that undergo collapse. The main difference that causes these two modes of collapse is the additional overcoming of the magnetic tension perpendicular to collapse in the strong-field case. Robertson & Goldreich (2018) shows that dense shocks make up nearly 100 per cent of the dense gas in an isothermal supersonic medium, constituting the high-density end of the log-normal distribution of gas densities at ρ 25ρ. A number of works have shown that under gravitational collapse, a powerlaw tail in the probability distribution function (PDF) at high densities develops, which scales as ρ −1.5 (Kainulainen et al. 2009; Ballesteros-Paredes et al. 2011a; Lombardi, Alves & Lada 2010; Collins et al. 2012; Federrath & Klessen 2012; Kainulainen, Federrath & Henning 2013; Girichidis et al. 2014; Myers 2015; Schneider et al. 2015; Stutz & Kainulainen 2015; Imara & Burkhart 2016; Padoan et al. 2017; Myers 2017; Bialy, Burkhart & Sternberg 2017; Chen et al. 2017; Burkhart, Stalpes & Collins 2017; Mocz et al. 2017; Burkhart 2018) . These studies have noted that for gas with a density radial profile ρ ∝ r −α , the corresponding PDF for log ρ is a powerlaw that scales as ρ −3/α . Thus, the collapse is consistent with the picture that dense shocks collapse into isothermal cores: ρ −2 . The conceptual picture we have built up from the turbulent numerical simulations presented here supports the ansatz of Chen & Ostriker (2014 , which considered the formation of prestellar cores in a scenario that assumed a converging large-scale flow and shocked layer as an initial condition, with strongly magnetized regions that are locally sheetlike. Those studies found anisotropic contraction of cores along field lines, and also confirms our results that ambipolar diffusion is not necessary to form low-mass supercritical cores.
CONCLUSIONS
Astrophysical systems, such as molecular clouds out of which stars form, often show supersonic turbulent motions in a magnetized environment. The supersonic velocities of the fluid lead to shock formation, which are responsible for the densest regions in the fluid. These regions grow as they sweep up mass and can undergo gravitational collapse if they are not first dispersed on a sound crossing time or magnetosonic crossing time (for perpendicular shocks).
We have identified and traced the dense regions in supersonic, isothermal turbulence that are sites of star formation. These post-shock regions have densities enhanced by a factor of M 2 (i.e., the isothermal jump conditions). Prestellar cores undergoing collapse are found to be associated with dense shocks that sweep up material and have an exponential density profile. In the case of strong magnetic fields, these shocks are strongly directed parallel to the magnetic field. Collapse along the direction parallel to the magnetic field is unhindered, but magnetic pressure and tension make collapse in the perpendicular direction difficult, requiring magnetic flux loss through an additional process, such as fast turbulent reconnection or ambipolar diffusion.
As sites of star formation in the supersonic turbulence model would be associated with strong shocks, it would mean young collapsing cores would be associated with complex, discontinuous magnetic field morphologies and filamentary strands (e.g. as seem in recent Atacama Large Millimeter/submillimeter Array (ALMA) observations of polarized dust emission from some Type 0 protostellar sources (Hull et al. 2017) . The shocks, which sweep up mass and initially grow self-similarly until Jeans unstable, are part of the in situ star formation process and may have an effect on subsequent stellar evolution and resulting feedback.
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